Abstract -Introduction. The Chinese jujube tree always presents some unfavorable performances because its vegetative growth is very vigorous. Our study was conducted to apply root pruning to test whether it can effectively inhibit the vigorous vegetative growth by regulating the competitive ability of the root system for water and nutrients. Materials and methods. For our experiment, roots were cut at three different distances from the trunk (light, moderate and severe root pruning) on both inter-row sides of jujube trees to the depth of 20 cm. Roots of control jujube trees were not pruned. Then we determined for three years the competitive indicators of Chinese jujube trees including the length, number and thickness of primary branches; photosynthetic characteristics and nutrient concentrations of leaves; hormone contents in the jujube head, flower number and fruiting percentage, yield, and fruit quality. Results and discussion. In the early stage after root treatment, root pruning decreased lots of indicators such as concentrations of nitrogen, phosphorus, and potassium in leaves, photosynthesis, transpiration, stomatal conductance, and intercellular CO 2 concentration of leaves, relative to the same indicators as the control group. With the gradual emergence of new roots, these indexes appeared to have adverse patterns with respect to those in the early stage after root pruning. Compared with the control, root pruning significantly decreased the length and number of primary branches and flower number, but thickened primary branches, enhanced fruiting percentage and increased the amount of ethylene release of the jujube head in the whole experiment. Fruit quality was improved with root pruning, as indicated by increases in vitamin C and total sugar and a decrease in titrable acidity. No effects of root pruning were noticed on yield. From our results, we conclude that the removal of the root system at a distance of three times the trunk diameter (severe pruning) from the trunk is the most effective in regulating the competitive ability of the Chinese jujube tree.
Introduction
It is well known that fruit trees will show some unfavorable performances such as lower light penetration, fruit percentage, yield and fruit quality, higher costs of pruning and pest control [1] , and emergence of biennial bearing of fruits, if their vegetative and reproductive growth is not balanced. The main reason is that the competitive abilities of trees during their vegetative and reproductive growth are not harmonized.
Plant competitive ability depends on such factors as plant height, number of branches, the root system [2] and physiological indexes consisting of photosynthesis, transpiration, stomatal conductance, intercellular CO 2 concentration, and so on. Among them, the root system is dominant because it serves a multitude of functions in the plant, including anchorage, provision of nutrients and water, and production of exudates with growth-regulatory properties [3] . Theoretically speaking, a large root system is more advantageous to the plant in acquiring water and nutrients than a small root system [4] , but Passioura argued that the root system of plants might be unnecessarily large [5] , in accordance with the conclusion of Zhang and Zhang that spring wheat with a large root system is more competitive but has a smaller grain yield than that with a small root system [6] . Obviously, a large root system can result in excessive soil water and nutrient consumption. This means that a large root system can easily cause plant vegetative growth to be vigorous. 'Chinese' jujube is an elite variety of Ziziphus jujuba Miller, but the vegetative growth of Chinese jujube trees is very vigorous. That is, their competitive abilities in vegetative growth are greater than in reproductive growth. Generally, many methods are available to coordinate the balance of both in deciduous fruit tree species [7] , including shoot pruning, bark girdling, scoring and fruit thinning. However, these treatments may severely weaken tree vigor, reduce the harvest index and increase the risks of epiphytes and physiological diseases. In order to effectively inhibit the vigorous vegetative growth, perhaps regulating the competitive ability of the root system for water and nutrients in the growing development is a better choice.
Root pruning was once and is still now widely used in Europe to reduce fruit tree size and promote flower bud initiation and fruiting [8] . It can not only reduce shoot extension, leaf number and area per plant, but also inhibit photosynthesis and transpiration [9] . Specifically, root pruning destroys the old growth balances of trees and changes their assimilation abilities, nutrient distributions and hormone levels. The combined action of these elements may cause different effects on growth and fruit quality [10] . Therefore, our study was targeted at optimizing the root system by root pruning and testing how the competitive indicators of Chinese jujube trees change by reducing the root system.
Materials and methods

Plant material and growth conditions
The experimental site of our experiment was located in the Yellow River Delta, China. The field experiment was carried out in the Chinese jujube orchard, Binzhou city, Shandong province (37.22°N, 108.02°E) between 2008 and 2010. Six-year-old jujube trees were used and the rows were planted 3 m apart with plant spacing of 3 m within each row. The mean trunk diameter was 7.5 cm. The height of trees ranged from 2.1 m to 2.5 m.
Experimental design and root pruning treatments
The experiment involved a randomized, complete block design with three replications. Each block consisted of 10 trees arrayed in the same row. Prior to bud break, four treatments were applied to the examined trees on April 26, 2008: (1) control, with intact root system; (2) light, removing the root system at a distance of seven times the trunk diameter from the trunk: 52.5 cm; (3) moderate, removing the root system at a distance of five times the trunk diameter from the trunk: 37.5 cm; (4) severe, removing the root system at a distance of three times the trunk diameter from the trunk: 22.5 cm. Roots were cut with a sharp spade at different distances from the trunk on both inter-row sides of jujube trees to the depth of 20 cm. The treated trees were managed in accordance with routine care.
Data collection and determination methods
The length, thickness and number of primary branches were measured and counted in early June every year. The samplings of mature leaves, jujube heads and the determinations of photosynthesis, transpiration, stomatal conductance and intercellular CO 2 concentration were carried out in early June and early October every year. Flower number and fruit number were counted in early July and late July every year, respectively. The sample of fruits was picked in early October every year.
Total N, P and K concentrations in leaves were determined using the method of Lu [11] . The yield of each treatment was recorded in kilograms. Fruit quality was analyzed for vitamin C content by titration [12] , for total sugar content with a photometer and for titrable acid content by titration [11] . Photosynthesis, transpiration, stomatal conductance and intercellular CO 2 concentration were detected using a CB-1102 Portable Photosynthesis System from 9:00 to 11:00 AM with three replications for each treatment. Twenty grams of jujube head were put into a container and then sealed for 16 h for determination of the quantity of ethylene (ETIH) release. The analysis was carried out by a Tsushima gas chromatography system on a GC-9A. Auxin [(indole-3-acetic acid (IAA)] was analyzed using the method of Vysotskaya et al. [13] .
Statistical analysis
All experiments were repeated as indicated. Values presented are means. The effects of the treatments were tested by one-way analysis of variance (ANOVA). Means were compared among the treatments using the LSD (least significant difference) test at the 0.05 probability level.
Results
The length, thickness and number of primary branches
Compared with the control, the length and number of primary branches were obviously reduced in the whole experiment and the thickness decreased by 3.9% in 2008, but increased by 3.7% in 2009 and by 22% in 2010 after severe root pruning (table I). The 
Total N, P and K concentrations in the leaves
Total nitrogen concentrations of leaves in severe and moderate treatments were lower relative to the control (figure 2). Diversities among treatments were especially drastic in the current year of root excision. 
Photosynthetic characteristics of jujube leaves
The photosynthesis, transpiration, stomatal conductance and intercellular CO 2 concentration of leaves in the severe and moderate treatments were significantly lower in early June in 2008 but higher in the following two years, than those of the control ( figure 3 ). The light treatment had no difference from the control. It is clear that root pruning could improve photosynthetic characteristics of jujube trees.
Flower number, fruiting percentage and yield
Root pruning significantly affected the flower number, fruiting percentage and yield (table II) . The yield of Chinese jujube was enhanced by root pruning, while not reaching a statistically significant level during the entire experiment. In the three experimental years, flower number under severe root pruning was decreased by 74%, 71% and 46% but fruiting percentage was increased by 50%, 178% and 147%, respectively, in comparison with the control. Jujube trees of the moderate treatment had the same trend as the severe treatment, but variations with the control declined. There was no statistically significant treatment effect between the light root pruning treatment and the control.
Fruit quality
The contents of vitamin C and total sugar in fruits were increased by root pruning in the study (table III) . No obvious effects of root pruning on titrable acid contents were seen, although they increased to some extent in the first fruiting year. In the following two years, none but the severe treatment had a significant decrease in titrable acid content in comparison with the control (table III).
Discussion
Primary branches are the new ones sprouting in the springtime. Their number and length are indicators of whether the competitive abilities of jujube trees in vegetative growth are strong. The experimental results indicated that severe root pruning of jujube trees could effectively decrease the length and number of primary branches. This meant there was a serious reduction of growth [14] . These effects were also reported by Schupp and Ferree [15] . The reason probably is that root pruning inevitably decreases the root volume and photosynthates are lavishly transported into the underground plant organs to stimulate the activity of the roots, which in its turn stimulates shoot growth by improving their nutrient supply [16] . On the contrary, restriction of root growth results in inhibition of shoot growth [17] .
Plant roots serve as a site for provision of nutrients and water. Compared with the control, total N, P and K concentrations in leaves of trees submitted to severe and moderate root pruning treatments were differently decreased because root pruning reduced the large size of the root system and hence lowered competitive ability for water and mineral uptake [18] , which resulted in lowered N, P and K concentrations in leaves. With the appearance of new roots, variations among treatments became gradually closer to each other.
The data demonstrated that photosynthesis with a severe degree of root pruning was evidently lower than that of the control in early June in 2008, consistent with other reports showing that a damaged root system could lead to reduced photosynthesis due to an overall reduced water and nutrient 
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uptake capacity, and a lowered sink capacity for photosynthates [19] . Stomata are most sensitive to water deficit and respond rapidly to the change in water, allowing trees to balance water loss and uptake [20] . Root pruning certainly decreased water uptake of roots and therefore resulted in stomata shutting, which also caused stomatal conductance, intercellular CO 2 concentration and transpiration to be less than those of the control in the early growing stage as roots were pruned. It has been shown that photosynthesis, stomatal conductance, intercellular CO 2 concentration and transpiration of treated trees increased when newly formed roots emerged capable of greater water and resource uptake than older roots [21] .
Ethylene can restrain elongation of cells [22] . Ethylene release of the jujube head markedly increased in the early stage after root pruning, which was the probable reason for inhibition of elongation of primary branches. Since IAA is known to be involved in the initiation of lateral roots [23] , the increase in IAA content of the jujube head was possibly because treated jujube trees accelerated the export of IAA in the overground organs to roots for initiation of lateral roots. As lateral roots emerged, the IAA content greatly decreased, as observed in early October in 2008, probably because the overground organs of treated trees could not be restored to the relevant status associated with a rapidly enlarged root system. The number of flowers per tree decreased while fruiting percentage increased (table II) . It is clear that the competitive ability for nutrients of the jujube tree was balanced, occurring with vegetative growth inhibition and reproductive growth improvement. Despite the changes as mentioned above, no significant differences were observed in fruit yield in this study, in agreement with the report of Andersen [24] , according to which root pruning had little effect on fruit set, fruit size and yield. The experimental data also demonstrated that root pruning increased total sugar content in fruit, beneficial for desiccation tolerance [25] , and fruit quality was the best in the third fruiting year.
Conclusion
On the basis of different performance indicators, the conclusion can be drawn that root pruning at a distance of five or seven times the trunk diameter from the trunk could not optimize the distribution of the root system for regulating the competitive ability of the jujube tree and, thereby, root pruning at a distance of three times the trunk diameter from the trunk would seem to offer the best option. The results are expressed as means (n = 3) and different letters in the same column indicate significant difference at the 5% level. The results are expressed as means (n = 3) and different letters in the same column indicate significant difference at the 5% level.
Efecto del tamaño de las raíces en los rendimientos del azufaifo chino.
Resumen -Introducción. El azufaifo chino presenta siempre ciertos rendimientos desventajosos por el hecho de su crecimiento vegetativo muy vigoroso. Nuestro estudio se llevó a cabo para testear el tamaño de las raíces con el fin de verificar si puede frenar eficazmente el crecimiento vegetativo regulando la competitividad del sistema de raíces para el agua y los nutrientes. Material y métodos. Para nuestro experimento, se cortaron las raíces del azufaifo chino a tres distancias diferentes a partir del tronco (tamaño ligero, moderado y severo de las raíces), a ambos lados entre las filas de azufaifos, a 20 cm de profundidad. No se tallaron las raíces de los azufaifos testigos. A continuación, hicimos el seguimiento durante tres años de ciertos indicadores de competitividad del azufaifo chino, entre los cuales, la longitud, el número y el grosor de las ramas primarias; las características fotosintéticas y las concentraciones en elementos nutritivos de las hojas; los contenidos de hormonas en lo alto de los árboles, el número de flores y el índice de fructificación, así como el rendimiento y la calidad de los frutos. Resultados y discusión. Al principio, después del tratamiento de las raíces, el tamaño de las raíces indujo que disminuyeran numerosos indicadores, tales como las concentraciones de nitrógeno, fósforo, potasio de las hojas, o la fotosíntesis, la transpiración, la conductancia estomática, la concentración de CO 2 intercelular de las hojas, en relación con los mismos indicadores medidos en los árboles del grupo testigo. Con la progresiva emergencia de nuevas raíces, según el tamaño de las mismas, estos índices se comportaron inversamente a los índices medidos en la fase precoz. En comparación con los árboles testigo, el tamaño de las raíces hizo que disminuyeran significativamente la longitud, el número de ramas primarias y el número de flores, pero llevó a un aumento de las ramas primarias, una mejora del índice de fructificación y un aumento de la cantidad de etileno liberado por la corona de los árboles. La calidad de los frutos se mejoró con el tamaño de las raíces: aumento del contenido de vitamina C y de azúcares totales y disminución de la acidez valorable. El tamaño de las raíces no tuvo efectos en el rendimiento. Deducimos de nuestros resultados que la supresión del sistema de raíces a una distancia del tronco igual a tres veces su diáme-tro (tamaño severo) es el tratamiento más eficaz para regular la competitividad del sistema de raíces del azufaifo chino.
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